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1 INTRODUCTION 
The Campania Region (Southern Italy) is frequently 
affected by flowslides induced by intense rainfall 
events. These landslides are shallow and character-
ized by a great destructive power (Hungr et al., 
2014). Past events, as the ones of Sarno (in 1998) 
and Nocera (in 2004), caused great economic and 
human losses (Frattini et al., 2004; De Vita et al., 
2006). 
Slopes susceptible to the occurrence of landslides 
consist of a thin layer of pyroclastic soil (2 to 3 m) 
resting on fractured limestone bedrock. These slopes 
can be as steep as 37° to 45°; in saturated condition, 
the soil friction angle of the soil involved varies be-
tween 35° and 38°. Therefore, the stability is only 
guaranteed by an apparent cohesion (due to suction), 
which decreases or vanishes with the occurrence of 
rainfall (Urciuoli et al., 2016). 
The monitoring of such slopes has been proved 
essential for a proper study of the groundwater re-
gime (Pirone et al., 2015a) and assessment of the 
safety of slopes (Pirone et al., 2015b). 
Some popular methods to determine water con-
tent are gravimetric sampling, neutron scattering, 
gamma ray attenuation and time-domain reflectome-
try (Noborio, 2001). This paper is focused on the lat-
est method, in particular it is shown how the dielec-
tric constant (also known as relative permittivity) of 
pyroclastic soils sampled in the Mount Faito test site 
(40°40'30.08"N, 14°28'23.98"E; Naples, Southern 
Italy) has been determined. Then, the results have 
been compared to those obtained by Papa and Nico-
tera (2012) for pyroclastic soils sampled at the Mon-
teforte Irpino test site (40°54'13.11''N, 
14°40'24.21''E; Avellino, Southern Italy), originated 
by a different volcanic eruption and belonging to a 
different basin. Finally, the possibility of using a 
unique calibration function for pyroclastic soil with 
the same grain size distribution is discussed.  
2 PRINCIPLES OF TIME-DOMAIN 
REFLECTOMETRY 
 
The dielectric constant is determined by the time-
domain reflectometry (TDR). A pulse is sent through 
a coaxial cable, which is connected to the TDR 
probe. These probes have 2 or 3 rods to arrange a 
system equivalent to a parallel element transmission 
line. The signal is then reflected and detected by an 
oscilloscope. It depends on the presence of disconti-
nuities, i.e. the geometry change from the cable to 
the probe, the variations of dielectric properties and 
the probe extremity (Reder et al., 2014). 
The signal round-time (Δt) is the travel time of an 
electromagnetic pulse along a metallic waveguide 
and it is given by Equation 1, where L is the probe 
length, Ka is the apparent dielectric constant and c is 
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Here, the calibration of TDR probes in undisturbed pyroclastic soil samples collected at the Mount Faito test 
site (Campania, Italy) is shown and the proper relation between volumetric water content and dielectric con-
stant is proposed. Lastly, these calibration curves are compared to those found for other pyroclastic soils be-
longed to different geologic contexts in Campania. 
the velocity of electromagnetic signals in free space 
(c=3x108 m/s). 
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The dielectric constant of water relative to those 
of minerals is high. Consequently, changes in volu-
metric water content can be directly related to the 
change in the dielectric constant of bulk soil. 
The apparent dielectric constant of the soil can be 
simplified as the ratio between the apparent probe 
length (La = c ∆t/2) and the real probe length (Equa-
tion 2). 
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The soil dielectric properties are strongly depend-
ent on the soil water content, but they are also af-
fected by the soil-water salinity, soil texture, bulk 
density, mineralogy, organic matter content, and fre-
quency (Hendrickx et al., 2003). Topp et al. (1980) 
proposed a “universal” relation between the soil vol-
umetric water content and the dielectric constant 
(Equation 3). Another well-known empirical relation 
is the one of Ledieu et al. (1986) reported in Equa-
tion 4. However, studies have shown that those rela-
tions are unsatisfactory when applied to some types 
of soils, such as organic and volcanic soils, as men-
tioned by Papa and Nicotera (2012). 
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The particular dielectric behavior of soil of vol-
canic origin is due to the high dielectric constant 
values of the solid particles (closer to 15, while most 
vary between 3 and 10), and low bulk density, as 
mentioned by Comegna et al. (2013). 
In general, the calibration function, such that pro-
posed by Topp et al. (1980), are polynomial as Equa-
tion 5 or logarithmical as Equation 6, where a, b, c 
and d are calibration constants. 
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Another type of approach consists of semi-
empirical models that consider the dielectric con-
stant of 3 or 4 phases. The 3-phase model proposed 
by Roth et al. (1990) is an example. It takes the form 
of Equation 7, where εw, εs and εa are the water, sol-
id and air dielectric constants, respectively, n is the 
soil porosity and α is a fitting parameter which rang-
es between -1 and 1. Here Equation 8 was used to 
determine the dielectric constant of the solid parti-
cles that depends on the specific gravity of the soil 
(ρs) in g/cm
3 (Dobson et al., 1985). The dielectric 
constants of water and air are respectively 80 at 
20°C and 1. 
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3 THE MOUNT FAITO TEST SITE 
 
An extensive investigation in the test site on Mount 
Faito, part of the Lattari mountains in Campania Re-
gion (Southern Italy), is going on. The stratigraphy 
recognized at this site is mainly composed of three 
pyroclastic soil layers (named A, B and C, in Figure 
1), originated from two different volcanic eruptions, 
resting on limestone. The first and most superficial 
layer (1 m thick) consists of the two pyroclastic 
soils, named respectively A1 and A2, that vary be-
tween silty sand with gravel and silty gravel with 
sand. Soil A2 has a greater fraction of gravel (pu-
meces). The second layer, named B (0.8-1 m thick) 
is composed of well-graded gravel (pumeces) and it 
is not analysed in this paper. Then, the third layer, 
referred as soil C, is classified as sandy silt.  
 
Figure 1. Stratigraphic profile in Mount Faito site. 
 
The soil grain size distribution range of the first 
and third soil layers is represented in Figure 2, in 
which also a comparison with Monteforte Irpino 
soils is operated. The grain size curves of the surfi-
cial layer, soil 1 (0.4 m thick), soil 2 (0.4 m thick), 
and the deepest one, named soil 6 (located at 3 m 
from soil surface; 0.50 m thick) sampled at the Mon-
teforte Irpino test site (Pirone et al., 2015a), are over-
lapped to those of Mount Faito soil A1, A2 and C1, 
respectively (Figure 2). The grain size distributions 
of soil A1 and C1 match those of soil 1 and soil 6 
from the Monteforte Irpino test site. The grain size 
distribution of soil A2 differs from that of soil 2 be-
cause of the higher fraction of pumeces present in 
A2.  
 
 
Figure 2. Grain size distribution of soils A1, A2 and C1 from 
Mount Faito and soils 1, 2 and 6 from Monteforte Irpino. 
 
The physical properties of the soil sampled both 
at the Mount Faito and Monteforte test sites are 
summarized in Table 1, in which high values of po-
rosity, typical of pyroclastic soils, can be observed. 
 
Table 1. Mean soil physical properties of Mount Faito (A1, A2 
and C1) and of Monteforte (1, 2 and 6 in Pirone et al., 2015a). 
Soil A1 1 A2 2 C1 6 
Specific 
gravity 
2.580 2.65 2.688 2.66 2.666 2.57 
Dry density 
(g/cm3) 
0.857 0.821 0.804 0.792 0.648 0.727 
Porosity 0.668 0.69 0.701 0.70 0.757 0.72 
4 MATERIALS AND METHODS 
4.1 Soil samples 
Moulds of PVC with an internal diameter of 19.2 cm 
were horizontally inserted into the soil in a trench at 
the test site to collect undisturbed soil samples. Later 
a plexiglas base was attached to the mould (Figure 
3). 
 
 
Figure 3. Setup of instrumentation. 
 
The amount of collected soil is variable and is in-
dicated in Table 2, as well as dry density and porosi-
ty values of the tested samples. 
 
Table 2. Properties of the tested samples. 
Soil A1 A2 C1 
Sample height (cm) 22.2 15.7 20.8 
Dry density (g/cm3) 0.746 0.857 0.612 
Porosity 0.711 0.681 0.758 
4.2 Equipment 
 
The TDR probes used in the experiments were man-
ufactured with the dimensions presented in Figure 4. 
The rods are 15 cm long, with a diameter of 0.5 cm 
and spaced by 3.2 cm. The most similar standard 
probe to the ones used in this experiment is the 
CS630 3-rod probe. 
 
 
Figure 4. TDR probe dimensions. 
 
A calibration of the probe constants was made ac-
cording to the procedure suggested by the software 
PCTDR 3.0 by Campbell Scientific, Inc. because the 
probes used in this experiment were not standard. 
These constants are required by the PCTDR software 
for the interpretation of the recorded signal. The 
probes constants resultant from this calibration are 
presented in Table 3, where the "calibration probe 
length" refers to the rods length and the "calibration 
probe offset" is a parameter used to correct the effect 
of the probe head on the measurements. 
 
Table 3. Mean probe constants. 
Calibrated probe length (m) 0.1543 
Calibrated probe offset 0.0611 
4.3 Experimental procedure 
 
The samples were saturated by adding distilled wa-
ter. The weight of the samples was controlled to 
guarantee that enough water had been added to reach 
saturation. A negative pressure, approximately 10 
kPa, was applied to the top of the sample to remove 
remaining air in the soil voids. This pressure was 
applied by sealing the sample with a plastic cap and 
connecting it to a vacuum pump. 
The TDR probe was inserted vertically into the 
soil. Tests were performed on the samples during 
drying and wetting phases. In the drying phase, the 
water was lost through evaporation. Periodically, the 
weight and the dielectric constant of the samples 
were measured. In the wetting phase, distilled water 
was added to saturate the samples in 6 steps. The 
weight and dielectric constant were measured con-
currently every 24 hours to allow the water to diffuse 
into the soil samples. No settlements were observed 
during the experiment. 
At the end, the samples were dismantled and the 
porosity was determined to estimate the value of 
volumetric water content (θ) based on the weight of 
the samples measured during the tests. 
5 RESULTS AND DISCUSSION 
 
Couples of measured dielectric constant and volu-
metric water content of all the soils tested (A1, A2 
and C1) are presented in Figure 5. Measurements are 
not affected by paths, wetting or drying, and results 
seem indistinguishable for all the soils. However, 
measurements start to differ for water contents high-
er than 0.5. The sample A2 presents higher dielectric 
constant values for the same water content when 
compared with A1 and C1. Figure 5 also shows that 
the popularly used calibrations curves (Topp and 
Ledieu equations) underestimate the volumetric wa-
ter content. 
 
Table 4. Calibration parameters of the polynomial model. 
Soil a∙10-6 -b∙10-4 c∙10-2 d∙10-2 R2 
A1 6.450 6.424 2.935 4.541 0.9817 
A2 4.132 5.748 2.986 1.500 0.9889 
C1 9.296 8.609 3.310 2.239 0.9831 
 
Table 5. Calibration parameters of the logarithmic model. 
Soil a b R2 
A1 -0.2547 0.2304 0.9756 
A2 -0.2098 0.2069 0.9846 
C1 -0.3008 0.2383 0.9579 
 
 
Figure 5. Couple of measured dielectric constant and corre-
spondent volumetric water content. 
 
The calibration parameters of Equations 5 to 7 
were fitted to the data, whose values are presented in 
Tables 4 to 6. The R2 index that provides an indica-
tion of the quality of the fitting is also presented in 
these Tables. The model that best fitted data was the 
polynomial. The curves correspondent to the poly-
nomial, logarithmic and Roth models are presented 
in Figure 6. The poor fitting of the Roth model to the 
experimental data may be due to: (1) the incorrect 
estimation of the solid particles dielectric constant 
(εs) because volcanic soil presents higher εs values 
than other soils, as previously mentioned; or (2) lack 
of distinction of the dielectric constants of absorbed 
and free water, which is considered in the 4-phase 
models. 
 
Table 6. Calibration parameters of the Roth model. 
Soil εs α R2 
A1 4.54 0.425 0.9813 
A2 4.75 0.428 0.9550 
C1 4.44 0.558 0.9826 
 
Also in Figure 6, experimental data were com-
pared with relations provided by Papa and Nicotera 
(2012), the polynomial (poly), logarithmic (log) and 
Roth functions (Roth). It is worth to note that the 
Authors collected experimental data of Monteforte 
test site soils up to a volumetric water contents close 
to 0.50. Therefore, their calibration functions ex-
trapolate estimations for θ greater than 0.50. Defi-
nitely, the calibration functions by Papa and Nicotera 
(2012): (i) underestimate the volumetric water con-
tent in soil A1 (except the Roth function); (ii) match 
well the experimental data of soil A2 and C1 for θ 
lower than 0.50. Moreover, the logarithmic functions 
fit satisfactorily the data over all the range of values. 
It is important to stress that the polynomial model 
performs well when the dielectric constant is lower 
than 30 (θ lower that 0.5), after which the estimated 
values are extrapolated, justifying their deviation 
from the experimental points. 
 
 
Figure 6. Fitting of experimental data with equations available 
in the literature and comparison to the calibration function ob-
tained by Papa and Nicotera (2012). 
6 CONCLUSIONS 
 
The following conclusions can be drawn: 
 Topp and Ledieu equations underestimate the 
volumetric water content of pyroclastic soils; 
 Roth model performs unsatisfactory in com-
parison with the polynomial and the loga-
rithmic model; 
 The less satisfactory performance of the Roth 
model may be caused by a poor estimation of 
the dielectric constant of the solid particles or 
by not differentiating the dielectric constants 
of free and adsorbed water; 
 The polynomial model presented the best per-
formance, as it is confirmed by the high R2 
index, and for this reason it is recommended 
for TDR calibration; 
 The soils 2 and 6, studied by Papa and  
Nicotera (2012), present similar behaviour to 
soils A2 and C1, respectively, up to a value 
of θ close to 0.50; 
 The use of the polynomial model constants 
provided by Papa and Nicotera (2012) are 
recommended up to values of θ close to 0.50. 
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